ABSTRACT In this paper, we propose a novel polar code construction scheme, suitable for the underwater acoustic (UWA) multi-user communication system using orthogonal frequency division multiplexing (OFDM). We use the polar codes because the code rate of a polar code can be arbitrarily designed. Moreover, the polar codes can also be used to create a nested code structure, divided into several subsets (codebook). We exploit this feature of the polar codes and place the information bits in the codebook to avoid superimposition of all the users. This helps to eliminate the influence of the power allocation coefficient and make full use of the power of the transducer at the transmitted node. Furthermore, the proposed scheme maximizes the utilization efficiency of the OFDM subcarrier resource for each user by avoiding null pilot tones that are usually required for channel equalization in the traditional schemes. The proposed scheme also does not depend on the channel state information (CSI) as prior information as each user can decode their own data independently by using their own codebook without successive interference cancellation (SIC). The simulation and tank experiment results demonstrate that the proposed scheme can significantly guarantee the reliability of all the users, and reduces the complexity of the receiver, thus making it most suitable for the downlink UWA multi-user communication systems.
I. INTRODUCTION
The shallow underwater acoustic (UWA) channel is commonly regarded as the most difficult wireless communication channel because of its complex environments, such as low carrier frequency, strong multi-path interferences and high noise level. The shallow seas with a depth less than 200 meters are normally near the mainland, which makes them the most extensive and densely populated areas of human ocean development, shipping, etc. However, the sound propagation in the shallow water is susceptible to the complex effects of the sea surface and multiple reflections of the sea floor and the sea surface, not mention the shipping, underwater engineering and other types of human industry. Thus, the shallow seawater acoustic channel exhibits strong
The associate editor coordinating the review of this manuscript and approving it for publication was Qilian Liang. multipath, strong Doppler, strong noise and other complex random transmission characteristics, making the reliable and high-rate underwater communication much more difficult than the wireless communication. The reliability of shallow seawater acoustic communication has always been a great challenge worldwide. Hence, the reliable and high-rate underwater communication system remains a worldwide challenge because of the unique nature of the underwater environment. Since, orthogonal frequency division multiplexing (OFDM) is an attractive technique for high-rate data transmission due to the minimizing effect over frequency-selective fading channels [1] . Therefore, OFDM has been extensively used in high-rate underwater acoustic communication (UAC) systems [2] - [4] .
In recent decades, underwater acoustic sensor networks have been considered as a promising approach for exploring and monitoring the ocean. Hence, designing reliable and efficient data communication protocol is necessary for reliable data transmission in underwater applications. Some high-energy efficient schemes with low memory requirement were proposed to repalace the traditional ones, such as the link quality-aware queue-based spectral clustering routing protocol and Quality-of-Service aware evolutionary routing protocol [5] - [6] .
With the developing of the UAC network, multi-user communication technique draws much more interest than the single-user, and numerous methods of multi-user detection have been proposed [7] - [9] . These methods can be sorted into two typically types: the orthogonal approaches and the non-orthogonal approaches. The orthogonal approaches can be achieved by time-division multiple access (TDMA) [10] , frequency-division multiple access (FDMA) [11] , and orthogonal frequency division multiple access (OFDMA) [12] - [14] , while the non-orthogonal approach mainly consists of code division multiple access (CDMA) [15] - [17] , interleave division multiple access (IDMA) [18] - [20] , and a recent popular scheme called the superposition coding [21] - [23] .
In [24] , CDMA and OFDM are combined to realize multiuser UWA communication by adopting the time reversal mirror technique. The proposed technique takes the advantages of both CDMA and OFDM, which effectively suppressed multi-path interference and reduced the error rate. However, due to the usage of the spreading code, there exists a transmitted rate loss of the UWA OFDM communication system. A superposition coding suitable for the downlink UWA OFDM system is proposed in [25] . By applying superposition coding, the source node transmits the superimposed signal of the two users. The two users utilize different constellation mapping mode, and then, the signal of both users is added with a power allocation coefficient, which mainly determined the bit error rate (BER) performance of the two user's system. At the receiver, User A decodes its own data in the presence of interference from User B's signal, while User B with a higher signal-to-noise ratio (SNR) performs successive interference cancellation (SIC). User B firstly decodes the data of User A, then subtracts the codeword of User A from the received signal to better decode its own data. The scheme performs well when the power difference between the two users is large enough and require the channel state information (CSI). Thus, the complexity of the receiver is high which limits its use for many applications.
The polar codes were invented by Erdal Arikan [26] , based on a novel concept called channel polarization. As soon as polar codes were invented, they became an active research subject due to the fact that polar codes showed promising results with increasing capacity. Polar codes have now been extended to a number of applications and generalizations [27] - [31] , and it is proved that the polar code has better performance than other existing channel coding methods. The advantage of polar code is the explicit construction and very low complexity of encoding and decoding. Furthermore, the code rate of a polar code can be arbitrarily designed, which makes it more flexible adapting to various application scenarios, such as security coding on the physical layer [32] - [34] .
In this paper, we propose a novel polar code construction scheme suitable for multi-user communication and especially the UWA OFDM communication system. Polar codes offer the flexibility to adjust the code rate on the fly and this advantage is exploited in the proposed scheme. Moreover, the polar codes can also be used to create a nested code structure, divided into several subsets where each subset carry the information bits and is called the codebook, for different users. The codebook is usually known to all the users and the transmitting node. The transmitted data of each user is already placed at different information bits in every codeword after conducting polar encoding, thus, there is no need to superimpose the signal of all the users, which can eliminate the influence of the power allocation coefficient. Meanwhile, the novel polar encoding scheme is also a kind of channel coding scheme, the following process of the UWA OFDM communication system remains the same as single user ones, resulting in no need for CSI and reserved null pilot subcarriers for each user. Different users can decode their own data independently by using their own codebook without SIC, which reduces the complexity of the receiver. The proposed scheme can significantly enhance the quality and the frequency efficiency of the OFDM communication system, thus making it most suitable for UWA multi-user communication.
The rest of the paper is organized as follows. In Section II, we introduce the principle of the original polar code, including the channel polarization, polar code construction, the encoder and decoder of polar code. In Section III, we present a novel polar construction and encoder scheme which is designed for multi-user downlink UWA OFDM communication system, and also introduce the construction of the system model. The simulation and experimental results were given in Section IV and conclusions are contained in Section V.
II. PRINCIPLE OF THE ORIGINAL POLAR CODE A. CHANNEL POLARIZATION AND ORIGINAL POLAR CODE CONSTRUCTION
The key idea of the channel polarization can be expressed as a kind of channel equivalent transformation, and mainly consists of two parts: channel combining phase and channel splitting phase.
Considering a binary input discrete memoryless symmetric (BI-DMS) channel W , which can be described as
where X denotes the input data symbol and Y represents the output, the transition probability W (y|x), x ∈ X and y ∈ Y . Normally, X = {0, 1}. The channel polarization can manufacture N polarized channel out of N identical independent copies of BI-DMS channels. The first step is to transform the same independent channels into two types of synthesized channels with slightly varying reliabilities: the good bit-channels and the bad bit-channels. Then the significant difference, which is good ones get better and the bad get worse, can be shown when the polarization transformation is applied on the resulting channels recursively. When N → ∞, the channel can be polarized into the channel either extremely noisy or noiseless without capacity loss. The symmetric capacity of bit-channels after the channel polarization when N = 2048 is given in Fig.1 .
The symmetric capacity of bit channels after channel polarization when N=2048.
After the channel polarization, a rate of transmission close to capacity can be easily achieved by transmitting over only the good bit-channels, while distributing frozen bits to the extremely noisy ones. A polar code may be specified by (N , K , F), where N represents the code length, which needs to be at any finite length of 2 n . K is defined as the number of good bit-channels, in other words, the length of the information bits in a codeword. Thus, the code rate (CR) can be calculated as R = K /N . F is a set of N − K integer indices known as the frozen bit locations from {0, 1, . . . , N − 1}.
Polar code construction is a selection of the K bit-channels out of N , which defines a polar code. In order to conduct this selection, a ranking algorithm for the bit-channels is needed. Normally, the measurement information of the polar code construction is the Bhattacharyya parameter, which is defined as Equation (2) 
In order to avoid underflow and overflow, the log-domain calculations of the Bhattacharyya parameter are needed. Then, a polar code construction can be achieved by the following process and the framework of construction of the original polar code is shown in Fig. 2. 1) Calculate the logarithm of the bit-channel
with the ascending order, one marked array flag is used to record the index of the bit-channel while the other marked array value is set to record the corresponding Z (W i N ).
3) The top K values in the marked array flagare the indexes of the good bit-channels, which carries the information bits, and the rest N − K values are the indexes of the frozen bits. σ is the K th value in the marked array value, representing the threshold of the logarithm of the bit-channel Bhattacharyya parameter with the code rate R = K /N . 4) Finally, the construction of the codebook C of the polar code with the code rate R = K /N is completed.
B. THE ENCODER OF THE ORIGINAL POLAR CODE
The encoding operation of an (N , K , F) polar code for a vector information bit u = (u 1 , u 2 , . . . , u K ), whose length is K , can be obtained as follows. Define n = log 2 (N ) and F ⊗n = F ⊗ · · · ⊗ F (n copies of F) be the n-fold Kronecker product of Arikan's standard polarizing kernel F = 1 1 0 1 .
Then a codeword of Polar code can be generated as
where F C is the complementary set of the frozen bits locations F, which is usually known as the information bits locations. G =(F ⊗n ) F C is the generator matrix of polar code. Meanwhile, there is an alternative form of this polar code as
where
The information bits are assigned to the polarized channels with the lower error probabilities, while the frozen bits are assigned to the remaining less reliable channels. The frozen bits generally take a fixed value of zeros or a fixed vector which is known at both the encoder and the decoder.
C. THE DECODER OF THE ORIGINAL POLAR CODE
In this paper, the Successive Cancellation (SC) decoding technique is selected as the decoder for polar code. Due to the regular structure of polar codes, the SC algorithm can be regarded as a soft/hard information-sending algorithm over the trellis of polar code. The trellis has n stages and N levels. The hard messages passed in the trellis are the estimation bits corresponding to the variable nodes s i,j , where i and j are the stage and level index in the trellis, respectively, 1 ≤ i ≤ n + 1, 1 ≤ j ≤ N . The hard messages update rule can be expressed as Equation (5) 
where ⊗ is the modulo-2 operation and · indicates the floor function.
The soft messages corresponding to these bits are the loglikelihood ratios (LLR) values denoted as L i,j = L(s i,j ). For example, the trellis bit values on the first stage are the VOLUME 7, 2019 estimations of the source block s 1,j =û j , the corresponding soft messages are L 1,j = L(û i,j ). The received signal after bit-reversal permutation is y j , its corresponding LLR is denoted by
The soft messages update rule can be expressed as Equation (7) 
where i = 1, 2, . . . , n + 1, j = 1, 2, . . . N , tanh(·) denotes the hyperbolic tangent function, and the other notations are the same with Equation (6) .
The bit decision rule of the SC decoder is described as Equation (8)
III. PRINCIPLE OF THE PROPOSED MULTI-USER DETECTION SCHEME BASED ON POLAR CODE
As polar codes can be employed to create a nested code structure, subsets of the set of good bits-channels for the original polar code are defined to act as the information bits for different users. In other words, all the users share the good bit-channels of the original polar code with a certain code rate R. Normally, the set of good bit-channels of the original polar code and all the subsets are known to the sending node and all the users. The subsets are defined as the codebook for each user, then the CR of each user together makes the R. In the following section of this paper, the number of multi-user is set to two, and the CR for each user is equal, R user = R/2. Since R must be less than 1, R user can only approach 1/2 infinitely.
A. POLAR CODE CONSTRUCTION AND ENCODER FOR THE PROPOSED MULTI-USER DETECTION SCHEME
Assuming that the User A's channel is better than User B's, the polar code construction for each user is achieved by the following process. the logarithm of the bit-channel Bhattacharyya parameter for each user, respectively. The CR for each user is
Finally, the construction of the codebook of the polar code for each user is completed. The framework of the proposed polar code construction designed for the multi-user detection scheme in the downlink UWA OFDM communication system is shown in Fig. 3 .
Then the codeword of the proposed polar code can be generated as
where F userA and F user2 denote the information bits of the two users, that satisfies F userA ∪ F userB = F C , the transmitted data for each user is u userA = (u 1 , u 2 , . . . , u K /2 ) and u userB = (u 1 , u 2 , . . . , u K /2 ). The alternative form of this polar code can be given as
where d can be composed of
The illustration of polar coding for the multi-user detection scheme is shown in Fig. 4 .
B. SYSTEM MODEL OF THE UWA OFDM COMMUNICATION ADOPTED THE MULTI-USER DETECTION SCHEME BASED ON POLAR COEDS
After the proposed polar code encoding, the transmitted data of each user is already placed at different information bits in every codeword, thus, there is no need to superimpose the two users' signal. As the novel polar encoding scheme is also a scheme of channel coding, the codewords can be processed as the normal UWA OFDM communication system, such as constellation mapping and allocated to the subcarriers. The polar codewords after constellation mapping are X D , the OFDM symbol with the comb pilot X P in the frequency domain can be represented as
Po is the position of the comb pilot tones, and all users can share the same Po and X P . There is no need to reserve null subcarriers for each user to obtain the sampling value of the underwater acoustic channel frequency responseĤ P , each user can maximize the utilization efficiency of OFDM subcarrier resource.
The communication rate S com can be expressed as follow
where N OFDM and N OFDM _with_CP represent the number of the total subcarriers in an OFDM symbol and that in an OFDM symbol with the cyclic prefix, N Bits_subcarrier is the number of the bits on each subcarrier, and N user denotes the number of different users. P is defined as the pilot spacing, CR has been pre-defined as the code rate, F s is known as the sampling frequency, and κ is the up-sampling factor. As there is no need for the proposed scheme to reserve null subcarriers for each user, the N user for the proposed scheme can be fixed to 1. Thus, the communication rate can be significantly increased with the increasing number of different users.
Subsequently, IFFT is taken to generate the OFDM signals x in the time domain. The transmitted signal x experiences different channels while reaching each user's receiver. The framework of the UWA OFDM system which adopted the proposed multi-user detection scheme based on a novel polar code construction technique is shown in Fig. 5 .
Take one OFDM symbol as an example, after taking the fast Fourier transform (FFT) operation at the receiver, the received signal in the frequency domain can be given as
where H i (k) denotes the frequency response of the i th user's underwater acoustic channel and W i (k) represents the white Gaussian noise in the frequency domain. As all users can share the same Po and X P , the estimation of H i (k) also share the same way. DenoteĤ i (k) as the estimation of H i (k), Y P is the value of the pilot tones, the sampling value of the underwater acoustic channel frequency responseĤ P i can be achieved byĤ P i = Y P /X P andĤ i (k) should be obtained by interpolation scheme or other channel estimation scheme, such as compressed sensing. After the constellation de-mapping, the received data need to be sent to the polar decoder, and the bit decision rule of the SC decoder for the i th user can be described as Equation (15) 
Considering each user has its own codebook and there is no cross among these codebooks, each user can obtain their own output data by conducting SC decoding scheme according to their codebooks.
IV. NUMERICAL SIMULATION AND TANK EXPERIMENT RESULTS

A. SIMULATION PARAMETERS AND RESULTS
Simulations are performed to evaluate the performance of this novel multi-user detection scheme. The main parameters of the polar coding UWA OFDM communication system are given in Table 1 . Meanwhile, a sparse shallow water acoustic channel, generated by a channel simulation software is adopted in the simulations. It is assumed that the distance between the transducer and the hydrophone is about 5700 meters, and the transducer is located at 8 meters under the water surface. The hydrophones of the two users are located at 8 meters and 15 meters under the water surface, respectively. The velocity gradient distribution is set as a VOLUME 7, 2019 
FIGURE 6.
The CIR of the simulation channel for both the two users.
surface channel, and the average depth of the sea is set to 55 meters. The impulse responses of the simulation channel for both users are illustrated in Fig. 6 . It can be obviously seen that the direct sound intensity is higher than any other multipath. The original polar coding scheme given in [21] is chosen as a control scheme. As discussed in Section III, the code rate of each user is R user = R/2. The code rate of the original scheme is set to R original = R user = R/2 and R original = 2 * R user = R, to compare the system BER performance of the polar code designed for multi-user detection scheme and the original one. Comparisons of the overall BER performance between the proposed multi-user detection scheme and original polar code with different code rate is given in Fig. 7 . We set 10 −7 our reference as BER is negligible and can be counted as no error. In Fig. 7 (a) , the code rates of the two users are 7/16 and 1/4, and the code rate of the original polar code is 7/8, 7/16, 1/2, and 1/4, while the code rates in Fig. 7 (b) are 3/8 and 5/16. The dash curves represent the BER of the proposed scheme and control scheme with the lower code rate, whilst the solid ones are the higher ones.
It can be seen that the BER performance of User A is about 1 dB better than that of User B, despite the code rate difference. It is because that the good bit-channels is prior assigned to User A when constructing the proposed polar code. The BER performance of both users with the code rate R user = R/2 are better than the original polar code with code rate R original = 2 * R user = R, mainly due to the length of the information bits in one polar codeword of the two users is shorter than that of the original polar code. Therefore, the error correction capability of the proposed polar coding scheme for the multi-user system becomes better when compared with the original one. With the decreasing of the code rate, the difference between them decreased from 2 dB to 1 dB.
Although the codebook for each user is independent, the LLR value may be affected by the good bit-channels of the other user when updating the LLR in the SC decoder. It is indicated that the BER performance of each user is worse than the original polar code with the same code rate. However, the difference decreases with the decrease in code rate. The difference in code rate 7/16 is about 6 dB, while it decreases to 2 dB when the code rate is 1/4. When the code rate of the multi-user system is 7/16, which is close to 1/2, the BER of the multi-user finally become zeros at the condition of Eb/N 0 = 17dB, and both of the two users can guarantee the reliable communication. The code rate determines both the efficiency of data transmission and the system BER performance, thus, it should be selected carefully to balance the reliability and effectiveness in practical applications.
To illustrate the performance of the proposed scheme more intuitive, a Grayscale figure is chosen as the transmitted data. The figures reconstructed at the receiver after polar decoding are shown in Figure 8 . The sub-figure (a), (b), (c) and (d) represents the transmitted results of different CRs at different Eb/N0 conditions respectively. The value of Eb/N0 for each CR is selected as the same value when BER of User A is close to being counted as no error.
The system BER values in these figures are the results which are obtained only in one simulation respectively, while the curves in Fig. 7 are the average value of many circulations. Moreover, the total bits of the transmitted data in the simulations are at different magnitude. Thus, the BER data may not be the same value we got in Fig. 7 . From Fig. 8 (a) and (b) , it can be found that there is no error in both the original polar code and the User A with code rate 1/2 and 5/16. The BER of the original polar code with code rate 1/2 and 5/8 are 0.0011 and 0.0068, respectively, while the BER of User B is at the magnitude of 10 −4 . With the increase of CR, the BER of User A becomes at the magnitude of 10 −5 , which can be seen in Fig. 8 (c) and (d) . Both the two users can guarantee reliable communication at certain Eb/N0 conditions.
B. TANK EXPERIMENT RESULTS
To evaluate the feasibility of the proposed multi-user detection scheme for UWA OFDM communication system based on a novel polar coding scheme, a field experiment was conducted at the channel tank operated by Harbin Engineering University, China and the schematic diagram of the experimental site is shown in Fig.9 . The length of the tank is about 25 meters and the average depth of the tank is about 5 meters. During this experiment, the two hydrophones were located on the same vertical line, and they were 1.5 meters and 2.5 meters under the tank surface. The distance between the two receivers is larger than 10 times of the wavelength, which makes the two users experience the independent channels. The horizontal distance between the transducer and the receiver was 8.35 meters and the depth of the transducer was 2 meters under the tank surface. The parameters of the UWA OFDM system remains the same as it was in the simulations, and the code rate is set as 7/16 for both the two users, while that for the original polar code are 7/16 and 7/8. Before any transmission, a linear frequency modulated (LFM) signal is placed as the probe signal for the purpose of symbol synchronization. Meanwhile, the estimation of the CIR for each user can be obtained by matched filtering the received LFM data with the transmitted LFM signal. The real tank CIR of the two users are illustrated in Fig.10 . It is noticed that the CIR has seven paths, the one with the maximum power is the direct sound, and the next three maxima are made up by the reflexed sound from the surface, reflexed sound from the bottom, reflexed sound from both the surface and the bottom. The power of these second reflexed sounds is much lower than the four paths mentioned above, which appears during the time period of 0.03∼0.04s. The CIR of User B got the direct sound and one of the reflexed sound almost at the same time, that may affect the system BER performance.
In the tank experiment, the original data comes from a grayscale image, and the total bits of the image is at the magnitude of 10 6 . The figures restored by the received data after decoding are shown in Fig. 11 . The received SNR is about 9.79 dB. It can be found that there is no error in the original polar code with code rate 7/16, while the BER of the original polar code with code rate 7/8 is 0.0015. This is consistent with the relationship between the polar code rate and the system BER performance, the larger the code rate, the worse the performance. The BER of the two users are at the magnitude of 10 −5 and 10 −4 respectively, both of them can guarantee reliable communication. 
V. CONCLUSION
This paper proposed a novel polar code construction scheme which is designed suitable for the multi-user communication and embedded it in the downlink UWA OFDM communication system. Due to the character that the code rate of the polar code can be designed arbitrarily and the polar codes can be used to create a nested code structure, a novel polar code construction scheme suitable for multi-user downlink UWA OFDM system is proposed. The transmitted data of each user can be located at different information bits in every codeword during the polar encoding. Thus, there is no need to superimpose the signal, which can eliminate the influence of the power allocation coefficient and make full use of the power of the transducer at the sending node. Meanwhile, the CSI as prior information is no longer needed and all users share the same pilot tones and comb pilot vector, which makes the utilization efficiency of OFDM subcarrier resource for each user maximized. At the receiver, each user can simply obtain its output data independently by decoding according to the own codebook without SIC, which reduces the complexity of the receiver for each user. Simulation and tank experiment results demonstrate that the proposed multi-user detection scheme based on the novel polar code construction technique can significantly guarantee the reliability of all the users, thus making it suitable for the downlink UWA OFDM communication system.
